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TECHNICAI NOTE 3962

THE EROSION OF METEORS AND HIGH-SPEED VEHICLES
IN THE UPPER ATMOSPHERE

By C. Frederick Hansen
SUMMARY

A simple inelastic collision model of metear-atmosphere Interaction
is used snd analytic relations for velocity, deceleration, slze, and rela-
tive luminous magnitude of meteors are derived and expressed in dimension-
less parametric form. The analysis is compared with availeble quantitative
observations of meteor behavior end it is indicated that a large fraction
of the atmospheric bombsrdment energy is used in eroding meteor material.
The erosion from large, high-speed vehicles as they traverse the high-
altitude, free-molecule portion of the atmosphere is calculated, on the
assumption that the vaporization process is similer to thet which occurs
for meteors. The maximum possible erosion does not create significant
mass 1oss.

INTRODUCTION

The science of aerodynamics is constantly expanding into realms of
higher speed flight. Already we are concerned with the problems associated
with design and operation of ballistic and satellite vehicles which will
traverse the atmosphere at velocities from 15,000 to 26,000 feet per
second. In the foreseesble future, vehicles will be designed to enter
gravitational-free space, .and the problems which develop at speeds in
excess of escape velocity, 37,000 feet per second, will need to be con-
sidered. It has become clesr that some of the most serious problems of
very high-speed flight will be due to the tremendous heating experienced
by the vehicle as it traverses the atmosphere during the final stages of
its flight., Unfortunately, the conditlions experienced by such high-
velocity vehicles have been difficult to reproduce in the leboratory and
direct experiments in the atmosphere are costly. It is of interest, then,
to examine a natural phenomenon from which some pertinent data may be
deduced; nsmely, the travel of meteors through the earth's atmosphere.

The purpose of the present paper is: (1) to develop an analytical
description of the physical behavior of meteors, (2) to use this snalysis
40 celculate from observed meteor behavior the fraction of kinetic energy
of etmospheric impact which is utilized in vaporizing meteor material,
and (3) t0 deduce the amount of surface erosion which would occur on a
vehicle traveling at high velocity through the upper atmosphere if the
same surface processes occur as on meteors.
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SYMBOLS

deceleration, ft/sec2

frontal cross-sectlion area, £t2

heat capacity of meteor material, £t2/sec® °R

density of meteor, slugs/ft2

average density of nonhomogeneous body, slugs/ft3

kinetlc energy, f£t-1b

exponential Integral function of wu, Q[HI%? dx

acceleration due to earth's gravity at the earth's surface, ft/sec2
intensity of luminous radistion from meteors

masgs of meteor, slugs

magnitude of lumincus intensity (--g log I), also, molecular weight
of meteor materiel

reference magnitude (see eq. (23))
exponent on velocity in luminous intensity function (see eq. (18))
energy of vaporization per unit mess of meteor, £t2/sec?
1/3
effective radius of meteor, (E%) s Tt
redius of earth, £t
distance of meteor travel, ft
time, sec
dimensionless velocity parameter, E%E
velocity of meteor, ft/sec
volume of meteor, f£t3
altitude above the earth's surface, ft
logarithm to the base e - . . .

logarithm to the base 10

L]
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atmospheric density scale factor, ft=1

)
D
fraction of kinetic energy change used to vaporize meteor materisl

ratio of average density to surface density,

angle of inclinstion to the vertical of the meteor path, radians
molecular welight of alr particles

density of atmosphere, 1b/ft®

Stefan-Boltzmen redistion constent, 1b/ft g™ sec

luminous efficiency factor (see eq. (17))
hx\2/®
3V 5t

angle of inclination to the vertical of observer's line of sight,
radians o

shape factor,

angle between meteor trail and observerts line of sight, radians

Subscripts

conditions at Infinite altitude

conditions at the earth's surface

initial meteor condlitions on entering the esrthts atmosphere
condition at the end point of meteor trail

condition at point of maximm luminous intensity

THE PHYSICAL BEHAVIOR OF METEORS

Before proceeding with the analysis it will be helpful to review

briefly the past work on meteors and slso some of thelr salient character-
istics which have been observed. This information will help to indicate
what approximations can reasonsbly be made in setting up a model of the
meteor-atmosphere interaction.

Much of the current interest in meteors is devoted to techniques of

observing radio-wave reflections from meteor trails (ref. 1) snd research
in this f£ield has not been particularly concerned with the physical
behavior and propertles of the meteors themselves., However, a small group
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of investigators has advanced the physical theory of meteors following
the ploneer work of Lindemann and Dobson (ref 2). The development of
the theory up to 1937 i1s well summarized by Opik (ref. 3) and Hoppe

(ref. 4). Since that time much of the work on meteor theory has been due
to Whipple (refs. 5 and 6). In particular, Whipple has been able to
deduce, from observed meteor behavior, upper atmosphere densities that
correlate well with the latest results fram rocket research (ref. 7).

For the purposes of the present paper, a solution in closed snalytic form
like that obtained by Hoppe (ref. 4) is the most convenient, though we
shall find it desirable to use somewhat different approximations.

Meteors are apparently of two types, composed either of an igneous
rock-like material or of a metallic nickeliferous iron (Grimminger,
ref. 8). Judging from the meteor fall-out at the earth's surface, stone
meteors outnumber the iron by a factor of about 10 (refs. 3 and 8). How-
ever, Opik reports that emong observed meteor radiation spectra both types
seem to be equally prevalent and that perhaps the iron-type meteor is
merely less likely to survive passage through the atmosphere (ref. 3).
The estimated specific gravity and heat of vaporization for these two
meteor materlsls are as follows:

Specific Totel heat of vaporization per

gravity unit mass from a cool state
Stonelike 34 TTX1L08® ft2/sec2
Ironlike 7.8 TTXL0® f£t2/sec2

The luminous intensity from meteors is a strongly increasing function
of meteor size; whereas, the frequency of meteors decreases rapidly with
gize. Consequently, most of the meteors which are observed lie within a
limited size range. According to the size-frequency distribution teble
clted in reference 8, visuel meteors asre generslly from 0.0l to 1.0 centi-
meter (0.0003 to 0.03 £t} in diameter and 4x107® to 4 grams (1078 to 102 1b)
in mass. The Juminous trails from meteors sppesr in the altitude range
from sbout 40 to 150 kilometers (130,000 to 500,000 £t) (ref. 9) with
initial velocities from 11 to T3 kilameters per second (36,000 to 2h0 00C
ft/sec) (ref. 10).

When the size distribution of meteors is considered, it can be seen
that most of them are in free-molecule flow at the altitudes where they
appear luminous. ILindemenn and Dobson (ref. 2) steted the fundamental
processes that probably occur as the meteor streaks through the atmosphere:
The impact of air molecules heats the meteor surface, vaporized meteor
meterial collides with the atmosphere producing o trail of luminous radi-
atlon and ionizatlon, while the body of the meteor is decelerated rela-
tively slowly. The measurable line spectrum of this radistion consists
mainly of line emission due to impact excitation of the meteor atoms
(ref. 11), presumably because the ionization potentials for the meteor
atome are conslderably lower than for the atmospheric constituents
(ref. 12). Millman also reports no messursble evidence of nitrogen
ionization spectrs or afterglow in meteor trails (ref. 13). However,
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Millmsn later observed some spectral lines of oxygen and nitrogen in the
infrared portion of a meteor spectrogram (ref. 14}, and Cook and Millman
(ref. 15) recently reported that bands of the neutral nitrogen molecule
may account for much of the background continuum present in a spectrogram
of a Perseid meteor. Thus, the atmospheric particles are probably excited
to the level of visible radiation to some extent.

Finelly, about 3 percent of the meteors observed split into two or
more pieces in the upper atmosphere and nesrly 10 percent show flares in
brightness, apparently due to crumbling or breakage of the meteor
(ref. 10). Most of the meteors, however, produce visible radistion that
rises and then falls in a continuous manner (ref. 16). The point of mexi-
mm 1ight moves towerd the end of the trail as the initial veloelty of the
meteor increases, being sbout 66 percent along the trall at velocities
near 30 km/sec (100,000 £t/sec) and sbout 8L percent along the trail at
72 km/sec (240,000 ft/sec)(ref. 5).

The detalled processes that occur between meteors and the atmosphere
have not yet been deduced from the observable meteor phenomena. Therefore,
we willl consider what clues to the nsture of these processes mey be gleaned
from leboratory experiments on sputtering and ion baombardment.

Meteor~-Atmosphere Interaction

Recall that the typical meteor will be a small particle of iron or
stone which vaporizes and becomes luminous at altitudes where the mean
free path is large compared to the diameter of the meteor. Under these
conditions, the atmospheric particles strike with the full kinetic energy
due to the velocity of the meteor. Even at the minimm meteor veloeity
of 37,000 ft/sec (Appendix A}, thils energy is comsidersbly greater than
the binding energy of the meteor atoms. For example, at 37,000 ft/sec
a molecule of nitrogen has 18.2 electron volts kinetic energy; whereas,
the vaporization energy of iron is but 4.2 electron volts per stom. Con-
sider for a moment a body-centered collision between an air particle and
8 meteor atom. If the collision is perfectly elastic, the atom kinetic
energy will gain a2 fraction of the air particle!s kinetic energy given by

AE . M(M/u)
B [(M/u) + 117

(1)

where M 1is the atomic weight of the meteor msterial and p the molecular
weight of the air particle. For nitrogen molecule bombardment of iron

M/p is sbout 2, and thus the impact ablation of iron might be expected
when the energy of the nitrogen molecules is greater then 9/8 of the

atomic binding energy of irom, or 4.7 electron volts. Even if the colli-

sion were completely inelastic, it would deliver kinetic energy up to
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ME _ M
E o [(wfu) + 117 (2)

and the least kinetic energy of a nitrogen molecule required for ablatlon
would then be 9/2 the heat of vaporization per iron atom, or 18.9 electron
volte. It will be noted that impasct energles of this order and greater
are experienced by meteors. However, thie simple energy balance concept
apparently does not predict accurately the threshold of sputtering that
results from gaseous bambardment of solid surfaces. Wehner (ref. 17) has
measured the threshold of metal sputtering by mercury ion bombardment at
normel incidence to the surface. The threshold energies were generally
more then twice as large as needed to transfer an energy equal to the
atomic heat of veporizetion by a completely inelastic collislon, though
at grazlng incidence, where the momentum gained by a metal atom from a
collision is more likely to be directed away from the surface, lower thres-
hold energies were detected. Wehner suggests that the elastic properties
of the s0lid determine that fraction of kinetic energy transferred by a
collision which is assoclated with momentum reflected outward from the
surface. In turn, it 1s only this energy which is effective in sputtering
the solid, while the remalnder is dissipated as heat.

In addition to the kinetic energy of atmospheric bombardment, the
heat of formation of oxygen and nitrogen compounds at the meteor surface
1s a possible source of energy for the ablation process. However, at
present there is little evidence that nitrogen compounds will be formed,
end the oxides have heats of formation which are generally small compared
to the bombardment energy (heat of formation of the iron oxides is about
2.8 electron volts per oxygen atom, for example). Therefore, it will beé
asgumed that the contribution of chemical energy to the vaporization of
meteors is small.

In view of the sbove considerations, 1t seems likely that the process
of meteor eblation changes with velocity as follows: Low velocity meteors
are probaebly vaporized meinly by thermsl hesting while at higher velocities
sputtering of meteor material would become the predominent ebletion '
process. If one generalizes from Wehner's measurements, the threshold
of sputtering of stone or iron by air molecules would be expected to occur
et a velocity about 56,000 ft/sec. Wehner (ref. 18) finds that the
sputtering yleld is a linear function of the bombardment energy over a
considerable renge above the threshold energy value. Keywell (ref. 19)
shows that the sputtering yield becomes nonlinesr wlth bombardment energy
above 1000 electron volts. However, meteors never suffer bambardment by
particles of such high energy. For example, the 240,000 ft/sec maximum
veloclty meteor 1s hit by niltrogen molecules having a relative kinetic
energy of 750 electron volts. Therefore, it will be assumed that meteors
with velocities from 56,000 to 240,000 £t/sec are sblated by sputtering
with a yield that 1s proportionsl to the bombardment energy.

The collision process could exclte numerous energy modes besides the
dissolution of chemlcal bonds of meteor materisl, of course. The internal
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energy of the air particles might be excited, for example. However, the
rotational and vibrational energy levels sre smsll compared to the colli-
sion energy end will be neglected. On the other hand, the ionization
potentials of the air are the same order of magnitude as the collision
energy, but here the low intensity level of air ionization spectra observed
in meteor trails indicates that this is not a major energy sink for the
collision process. Next the meteor itself msy be heated to a high temper-
ature and radiate into space. It should be noted that the meteor need not
necessarily be heated for the sputtering process to oceur, and indeed
there is evidence that some meteorites have been stopped by the atmosphere
without being heated above their melting points, according to reference 6.
Obviously heating is required, though, before the thermsl veporizastion of
low-velocity meteors can occur. But with either process, the surface
temperature will be limited to the vaporization temperature of the meteor
material. It is shown in Appendix B that heating to this temperature can
occur largely at altitudes above those where meteors are observed, and
that the possible radiation losses, in the interval where meteor ablation
is predominsnt, are smsll compared to the energy flux from the atmosphere.
Therefore it will be assumed that the kinetic energy lost in the collision
with the atmosphere is prineipally sbsorbed in the vsporization of meteor
material.

Now, the chemical potential being neglected, the meximum heat energy
available equals the relative kinetic energy of the atmosphere which
impacts on the meteor. This meximum is realized if the bombardment is
completely inelastic, in which case the vaporized meteor materisl asnd the
impinging air particles are emitted from the meteor surface with zero
average velocity. TIn the snalysis which follows, the bombardment will
be assumed inelastic, so that we may deduce from meteor observations the
fraction of meximm possible energy which is utilized in vaporizing the
meteor. Moreover, it will be assumed that this fraction { is a constent.
This is consistent with the observation that the yield is directly pro-
portional to bombardment energy for the sputtering process that is expected
to occur for high-velocity meteors. It is also consistent with the thermal
vaporization process expected for low-velocity meteors if the heat of
vaporization is considered constant, since then the msss veporized is pro-
portional to the energy input. Of course, this fraction { may be
different for the two processes.

Meteor Mechanics

With the ebove meteor-atmosphere collision model in mind, consider
a meteor of volume V and velocity v conslsting of a homogeneous
material of demsity D. For convenience, we define sn effective radius
r = (3V/hﬁ)1/3. The meteor will intercept a mass of alr per unlt time
@r2pv, where p 1s the atmospheric density and ¢ is the shape factor,

(hﬁ/3V)2/3(A/n), which accounts for any nonsphericity of the meteor; A
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1ls the frontal cross-section area of the meteor. Since no external forces
act on the meteor-atmosphere system, the total rate of momentum change
is zero.

I3

= av 2,72 =
3 nr3D af + PrEpv 0 (3)

It will be noted that the rate of mass loss is not involved in this
expression since, by assumption, the mass vaporized lesves, on the average,
with zero veloclty relative to the mefteor. The vaporized msterial then
suffers no further momentum change until its next collision with an
atmospheric particle.

The rate of change of totel kinetic energy of the meteor-atmosphere
system 1is

& _ our2pvs L av
It 5 + 3 ﬂrSDYidt _ (4)

If the potential energy change due to the earth's gravitational fileld were

included, this would contribute a kinetilc energy term E xr3Dvg cos 8

to the right side of equation (4). It will be shown 1a%er, however, that
this term can be safely neglected because, when the meteor becomes visible,
its deceleration, dv/dt, is two magnitudes larger than g.

Note that from equations (3) and (4) the rate of change in the
systemt!s kinetic energy is Just

Treovs
g._E-E_:_i,j_(I‘?p:V_‘._ (5)

that is, the negative of the flux of atmospheric bomberdment energy into
the meteor surface. By definition, a fraction § of this energy is uti-
lized to vaporize meteor materiel. Iet q be the heat of wvaporization
per unit mass; then :

%% = LyDqra %% (6)

and by combination of equations (3), (4), and (6) there results

&v _ 6q dr
VaE T trdat ' (7)

The varisble u will be defined

u = (8)

12g
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Then, if it be assumed thet q and { are constants, equation (7) is
integrable to

1n %'I = =(u; - u) (9)

Now it will be assumed that the atmospheric density verles exponentially

395 = exp(-By) (10)

where p, 1is the density at the earth's surface end B 1is the scale

factor chosen to fit the actusl density over the range of altitude which
is of interest. The meteor will be taken to follow a straight line path
at an angle of inclination, 6, from the vertical which is not too large.

Then if s 1is the distance from the point of impact on the esrth's surface

(see sketeh (a)), the altitude y is approximately

Yy =5 cos 6 (11)

Edge of atmosphere

Velocity, v

Deceleration, a = v-3¥-

Velocity, v =——-
Meteor ’ dt
ds

y~Scos 8

Eorth's surface
P =P,

-

Sketch (&)
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For nearly horizontal incidence, corrections for curvature of the atmos-
phere and of the meteor path will, of course, need to be included.

From equations (3), (9), (10), and (11) there develops

00 Uy
%g%% kl: exp(-Bs cos 6)ds =\x: exp(u - v ) = du (12)

which integrates %o

2r,pD cos 6
3%Ppq

The deceleration of the meteor is (sketch (a))

py + 1n - w - 2a{Fi(y) - F(w) | (13)

-1
-y & oy
& =V ==V cos e<;v> (14)

where from equations (8) and (13)

— -1
2 _6%3_ 4Fi(u) [ET(ul) ] ﬁ?-:(u)] (15)
whence -—
&, . - = =

The shape factor, ¢, has been carried along for generality so that
the equations may be used for bodies of arbitrary shape. It is exactly
unity, of course, for a sphere, and it is close to uvnity for any body
which is approximastely equally thick in all dimensions. Moreover, the
time-averaged velue of ¢ 1is also near wity for elongated or flattened
bodies that are tumbling. For these reasons ¢ will be presumed very
close to unity for the typical meteor.

The analytic description of meteor mechanics is concluded in equa-
tions (8), (9), (13), and (16). These equations uniquely prescribe the
size, velocity, and deceleration of s meteor as a function of altitude
in terms of the initial size, the initial veloeity, the density, the
specific vaporization energy of'the meteor material, and the energy
fraction . It will be noted that the meteor properties enter the equa-
tions in dimensionless parameters, so that a series of universal curves
will describe the behavior of all meteors. Figure 1 presents the size
parameter ln(r/r1L which equals the velocity parameter u - u;, as a
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function of the sliitude parameter By + ln.EégﬁgééaziJg. Figure 2 pre-
o}
sents the deceleration parameter at as a function of this same

6gB cos 6
altitude parameter. e

It will be noted that the solution for meteor size (eq. (9)) is
identical with that obtained by Hoppe (ref. 4) if the atmosphere particle
collisions with the meteor are perfectly inelastic and { 1is taken as
unity. The sltitude-velocity relation (eq. (13)) is also similar to Hoppe's
solution, but the veloclity parameter is introduced by the exponential
integral function EFEi(u) rather than by the function Ei(-u) (i.e.,

00
:/n eixx-%dx) as given by Hoppe. As a result of this difference, Hoppe
u

predicts that the meteor is eroded to a limiting size with about one half
the initial mass, whereas equation (13) predicts slmost camplete vapori-
zation of the meteor during its deceleration in the atmosphere (see

fig. 1). (The Ei(ui) - Ei(u) function does have an inflection point
neer u = 1 which limits the erosion, but normslly before this point is
reached the meteor has been reduced to less than one molecule and the
solution loses physicel significance.)

TIvuminous Radiation From Meteors

A description of meteor behavior 1s herdly adequate without some
account of the luminous radiastlon produced by the meteors. The processes
involved are complex and probably cannot be described accurately by a
simple functional relation. However, it is still desirsble to find a
simple relation that will describe the essential gross features of the
phenomenon. For this purpose 1t has usually been assumed (refs. 3 and 5)
that the intensity of luminous radiation, I, produced is proportional to
the flux of kinetic energy into the atmosphere due to the vaporized meteor
material.

- -Idm

However, i% is clear that luminous intensity cannot be strictly propor-
tional to this kinetic energy flux, since 1t 1s observed that most of the
rediation comes from de-excitation of meteor atoms. This means that the
first collision or two which excite the vaporized meteor atom are the
important ones, and the excess kinetlc energy carried away from these
collisions by the atmospheric particles is relatively Iineffective for
producing luminous radiation. As expected, then, the proportionality
factor T 1is not a constant. Opik (ref. 3), concludes that it will veary
approximately linearly with velocity.

For the present pasper it will be assumed that the luminous intensity
is proportional to the rate of mass loss and to a function of velocity
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that may be approximated by VZP'l, where p —is a constant. Then,

.~ am .2p )
I~V (1.8)

The mess loss per unit path length can be expreéssed

dm _ _4mr®D dr
ds v at (19)
while from equations (3) and (7T)
v3
ar __ L9ev® (20)

at 8qD

Combining equations (18), (19), and (20) and transforming to the verieble
u, one obtalns

I~ (P(%)pprzup i (21)
The definition of the magnitude of luminous intensity is (ref. 20)

M =--2— log I - (22)

so that

M=M - 5 12 5 In ¢ry2 + p In % -By - 2(uy -u) +(p+1)n u]
(23)

where the constant M' s&bsorbs all other constants and sets the reference
level of the maegnitude. In paremetric form equation (23) becomes

M+ 2 1og[(flﬁ)?o ooz 9 @%)p]

N {m [E1(u;) - TT(w)] - wy - 2(uy - 1) + (p + 1) u}

(2k)
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where the reference magnitude has been assigned zero velue. This msgnitude
persmeter is shown as g function of the altltude parameter in figure 3.

To determine the minimm msgnitude (meximum luminous intensity),
equation (23) is differentisted with respect to u

-1
gm 108 - Ju e (~u)EL(w) - Ef(u)]} -2-Rxd (25)

For large velocitles, the term (p+l)/u will be small. Then dM/du will
be approximately zerc when

exp(-uy )[Ei(uy) - EL(um)} = -21%1 exp(up - uy) (26)

The function exp(-u)Ei(u) approaches u™! for large u so that a

further epproximation is

exp(u - tm) = 2 (27)

& IE

It can be seen from the solution of equation (27) that wuy will be close
to u,, so that _

uy - U  In 3 (28)

Equations (24), (26), and (28) can be used to srrive at

Ug

3
Mm +'% log[(?éi?) cos 6] =M -'g p log T (29)

where again ell constents not shown are collected in the reference magni-
tude M'.

Reduction of Experimental Data

The following properties of meteor behavior have been measured:
veloclty v and deceleration a at altitude y, the end point eltitude
Ye of the meteor trall, the altitude yyn at which the intensity of lumi-
nous radietion is s maximum, the magnitude of meximum luminous intensity
My, and the angle of inelination 6 of the meteor path. The end point
altitude will prove useful because it is essentially dependent only on
the initial velocity and size of the meteor (see figs. 1 and 3). For
large velocities where wu,; is large compared to wnity EI(ue) << FI(u,),
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and a good approximation is, according to equation (13)

2Br,D cos B

exp(-Bye) = 30
o

eXP(jFl)EI(ul) (30}

Then from equations (13), (16), and (30)

Ei(u) = Ei(uy)[1 - exp(Bye - By)] (31)

2a

exp(-u)Bi(u) = == o

[1 - exp(By - Byel)] (32)

Equation (32) may be solved for u by graphical or numericsl means; the
kinetic energy fraction § 1is determined from the definltion, equa-
tion (8); and wu, is calculated from equation (31). The unknowns I3
and D cannot be separated, but an estimate of D can hardly be off more
than a factor of 2 or 3 so the initial size r; is determinaeble within
the ssme factor. The product r,D is calculated from equation (30).

At very high velocities where both wu; and u are large compared to
unity, the data may be reduced analytically from the approximetions

u = 3—99-5’8—913 [1 - exp(By - Bye)]l™t (33)
u; - u = Infl - exp(By, - BY)] (34)
rp.x 2228 exp(-gye) (35)

With r,D and u, determined from the sbove equations, the exponent
p of the luminous intensity velocity function (eq. (18)) may be deter-

3
mined. The sum Mpy +-% 1og<ézi§> cos @ 1is plotted as a function of
o

log u,/f, and according to equation (29) the slope will be -2.5p. It may
be noted that the intensity seen by the observer on the earth's surface
will be inversely proportional to the squaere of the distance from the
meteor to the observer, y2/cos2y, where V is the angle of inclination of
the observer's line of sight. In addition, the meteor trail is a line
source with spparent brightness which veries inversely with cos X, where
X is the angle between the meteor trail and the observer's line of slght.
Thus, the minimm magnitude will be
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2
Mp = --% log[Impos Xm<?3%2¢‘ } (36)

and it is this quantity which should be used to test the relstion given
by equation (29).

EXPERTMENTAT, DATA AND DISCUSSION OF RESULTS

It is disappointing that most of the observed physical behavior of
meteors which is reported in the literabture is merely descriptive or very
incomplete. The one exception is a table of quantitative measurements
o height, velocity, deceleratlion, and luminous magnitudes for a group of
about 20 meteors which is presented by Whipple (ref. 5). The pertinent
date from this group of measurements are sbstracted in table I, except
for meteor 505 date which have been omitted becaunse this meteor broke into
distinet fragments and is atypical. Also shown in table I are the values

3
calculated for ¢, ui/f, riBD/py, and My + g-log<féﬁé> cos 6. The two
o

separate sets of observations for meteor 663 are inconsistent, and only
the calculations based on the first set of observations are included. In
these calculations the following constants were used: p*1=8.02 km
(26,300 £%), q = 7.2 km®/sec®(TTx10% £t2/sec?), and po = 1.29x10~2 gm/cm®
(0.00238 slug/ft®). The mean value and root mean square deviation for ¢

3
which fits these data is 0.89 % 0.67. The velues of Mm + % 1og<%ﬁ—]3) cos @
(o]

are plotted as a function of log ul/g in figure k., The linear regression
giving the least mesn squares fit to these data is also shown in figure k&
and has a slope ~5.77, whence p +akes the value 2.30 according to equa-~
tion (29).

The luminous efficiency factor T (eq. (17)) varies as the (2p-3)
power of velocity according to the notation of equation (18). Thus the
value of 2.30 for p corresponds to T proportional to v1+€, This
variation is somewhat stronger than the linear function proposed by Opik.
However, 1t will be noted from table I that almost all of the data avail-
gble have a strong central tendency around v, = 35 km/sec (115,000 ft/sec)
and therefore these data are not really suiteble for asccurately determining
the slope. A group of observations on some slower mebeors and on some very
high-speed meteors is needed to anchor the end points of the best linear
fit. Such dats could very well yield a value for p of 2, which would
give the linear relation of T with velocity proposed by Opik. The point
of maximum light intensity moves nearer the end of the meteor trail as
velocity increases according to the relationship shown in figure 3. This
position was determined for a heat of vaporizastion per unit mass of TTx10®
£t%/sec®, assuming that meteor light is detectable over a range of 6



16 ' NACA TN 3962

magnitudes. The relatlion with velocity is shown in figure 5 along wilth

the observaticns of J. F. Foster as reported in reference 5. The cholce

of maximm detectable magnitude is somewhat arbitrary, of course, as it
depends on the sensitivity of the detector. The maximum intensity position
also depends on meteor size and path inclination as well as on velocity.
The curve on figure 5 would be displaced upward for a more sensitive
detector, and downward for larger meteor slze and smaller path inclination
angle,

The calculated meteor performence characteristlies agree, at least 1in
a qualitative sense, with observed meteor behavior. For example: (1) the
appearance of meteors is predicted in the proper range of altitudes; (2)
the luminous intensity curves rise and then Fall, as observed, with the
maxirum progresgively nesrer the end of the trail as veloclty increases;
and (3) the meteors exhibit nearly constant velocity throughout most of
their path until the end where they are highly decelerated and rapidly
vepcrized in a short interval of altitude and time, Whipple (ref. 7) was
able to integrate the meteor equations numerically for the determination
of atmospheric density by taking advantage of this characteristic that
velccity 1s nearly constant over g wide range of altitude.

Since the absclute values of the meteor characteristics are not imme-
distely perceptible from the parametric relations shown in figures 1, 2,
and 3, the performance of a typlcal meteor was calculated. An irom sphere,
0.01 foot in radius, entering the atmosphere at zero Inclination wae chosen
to represent this typical meteor and a value of 0.9 was used for . The
resulting size, veloecity, and deceleration are shown as functlons of
altitude in figures 6, T, and 8.

It is obvious from teble I and figures 4 and 5 that the experimental
data are not sufficiently refined to provide g good quantitative check on
the analysis., This scatter in results is typical of meteor data teken at
the present state of the art. Table I shows, for example, that independent
observations of the same mefeor sometimes result in rather different decel-
erations and end-point altitudes. The velocity measurements ere probgbly
subject to the least error, but 1t has been recognized that decelerations
are particularly difficult to measure (ref., 21). This is because the
decelerations are very large and change rapidly as shown in flgures 2 and 8.
Figure 8 also shows that the gravitationsl acceleration is negligible com-
pared to the atmospheric deceleration over most of the meteor path, as was
assumed 1n the analysis.

Very likely more precise data would fit the apalysie with considerably
less scatter. However, some of the variance is probably due to differences
between individual meteors which have not been taken into account. For
example, the values of ¢ and { are probably somewhat different for the
stonelike and ironlike meteor material., It would be expected, then, that
preclse data might group into two categoriles, one for each type of material,
(The predicted performsnce characteristics of stonelike meteors duplicate
those shown for iron meteors in figures 6, 7, and 8 except that all events
occur at slightly higher altitudes due to the decrease in meteor density
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(see eq. (13)).) Also, the values deduced for ¢ would likely shift in
the velocity range where the erosion process changes from vaporization

to sputtering. In addition to the above differences, some meteors appar-
ently crumble or spall rather than vaporize evenly (ref. 10) and this will
result in a high value for ¢, which can be greater than unity. This is
indeed the case for some of the meteors listed in table I. For the purpose
of this paper, the total mass loss is the significant factor, and it does
not matter whether this lost materisel is in a completely veporized state
or in molecular clusters. From this viewpolint, the most lmportant quanti-~
taetive result derived from the fit of data to the analysis 1s that § 1is
the order of unity. It is concluded then that astmospheric bombardment
erodes material from the surface of meteors with relatlvely high efficlency.

EROSION OF LARGE BODIES IN THE UFPER ATMOSPHERE

Vehicles made for travel through the upper atmosphere will generally
move at considersbly lower velocity than meteors. For example, the veloc-
ity of a2 satellite vehicle in altitude equilibrium is given by

&R

=T Y (37)

where g 1s the gravitational acceleration at the earth's surface and

R the radius of the earth. Thus, the satellite will travel slower than
the minimm velocity meteor by a factor of about :JE. Ballistic type
vehicles will be designed to travel even slower. Therefore, it cannot

be concluded that these large, man-made vehicles will be eroded by atmos-
pheric bombardment with the same efficlency as meteors. However, it seems
likely that the meteor theory will set an upper limit on the erosion rate,
and i1t will therefore be of interest to calculate this limit.

The vehlcles being considered will be much larger then a represente-
tive meteor and continuum flow conditions will exist up to somewhat over
300,000 feet altitude. Therefore, the meteor erosion model will only apply
to these wvehicles at altitudes in excess of this, and the vaporizetion
which may occur at lower altitudes should be calculated from the hest
transfer to the vehlicle which is predicted by continuum aerodynamic theory.
In addition, the vehicle will generally not be homogeneous. The inhomo-
geneity of the structure can be accounted for by defining an average

" density D = 8D where D is the density of the surface material. Then D

replaces D in equations (3) and (4) but not in eguation (6). The solu-
tion then proceeds in exactly the same form as before except that the param-
eter u now becomes &{v?/12q. However, for bodles with mass-to-gurface
ratio as great as that of s probable man-made vehicle, this solutlion is

more complex than necessary. Such bodies are not decelerated sppreciably
in the upper atmosphere and terms with the factor dv/dt may be neglected.
In other words, the kinetic energy change of the body is negligible
compared to the change in kinetlc emnergy of the atmosphere. Then
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® _ _ puipv®
S=- - (38)

where, as before, r i1s defined as (3V/hﬂ)1/3 and ¢ is the shape factor.
Consistent with the meteor analysis, a fraction € of this energy is
assumed to vaporize surface material.

a8 _ 2 dr .
£ T bsDgr I (39)
For an exponentislly scaled atmosphere, equations (38) and (39) lead
to
v
& - - B0 exp(-py) (k0)

Equation (40) can be integrated after expressing the trajectory and
velocity as functions of time. A reasonably good estimate of erosion rate
is obtalned by considering a vehicle entering the atmosphere at comnstant
velocity and angle of incldence, since the change in both velocity and
incidence due to gravitational acceleration is small and the drag forces
are negligible within thet portion of the atmosphere with which we are
concerned. Then noting that

-
& = o on g (1)
equation (40) integrates to
ry - = 00 exp(-py) (42)
* 8BqD cos 6

The amount of erosion which will occur on vehicles which have pene-
trated the atmosphere to 360,000 feet altitude is shown in figure 9 as a
function of velocity for a variety of surface materisls. It cen be seen
from figure 9 that this erosion will be small and will probably not be
seriocus in terms of strength or mass loss. The principal effect might be
to creste sufficlent roughmness so that turbulent-flow heat transfer would
be experienced by the vehicle during its descent through the lower, con-
tinuum atmosphere. The hegat transfer during this portion of the trajectory
could thus be increased by an order of magnitude. In addition, hligh sur-
face polishes for the purpose of reflecting radiation could be rendered
ineffective by the high-altitude, free-molecule bombardment ablation. The
answers to these conjectures are among the important problems which need
to be sclved by further resegrch if we are to appreciaste the practical
limitations of high-altitude flight. In any event, the cholce of a surface
material with a large gD product should minimize the erosion, according
to equation (42).
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Substituting equation (37) in (40) gives the rate of surface loss

from a satellite
dr @€ pg gR s/2 L
T3 [1 +—(y/R)] exp(-By) (43)

The surface loss rate of a satellite is plotted in figure 10 as a function
of altitude, again for various surface materials., If the shape factor @
and energy fraction ¢ are considered near unity, it can be seen that a
satellite which is to persist for asbout one year with less than 0.0l-~inch
surface erosion should orbit at altitudes greater than 800,000 feet.
Satellites will, in general, have to travel at altitudes much higher than
this enyway so that aerodynamic drag willl not influence thelr orbit.
Therefore, it is concluded that sblation of the satellite will probably
not be detrimental to its function, but might influence the chance of suc-
cessful recovery of the vehicle, due to the effect of surface conditions
on heat transfer during entry into the atmosphere.

CONCILUSIONS

1. An anslysis based on the assumptions that the atmospheric bombard-
ment of meteors is inelastic, and that a constsnt fraction £ of the bom-
bardment energy is used in veporizing meteor material, qualitatively
predicts the size, velocity, and deceleration of meteors as a function of
altitude in terms of the initial size, the initial wveloclity, the density,
the specific vaporization energy of the meteor, and the energy fraction €.
The relative magnitude of luminous radiation from meteors is also in
qualitative agreement with observation.

2. The behavior of meteors can be correlated conveniently in terms
of dimensionless parameters. The size, velocity, deceleration, and the
luminous magnitude parameters are functions of the altitude parameter which
are uniquely determined by the initial veloclty parameter.

3. The quantitative agreement between meteor theory and observation
is erratic due mainly to the scatter in the observed data, particularly
in the deceleration and end-point altitude measurements. However, the data
do indicate that meteors are efficiently eroded by the atmosphere bombard-
ment; that is to say, the energy fraction ¢ is the order of unity.

i, Observations of meteor behavior which are more self-consistent
are needed in order to detect effects of different meteor materials and
of different erosion processes that may occur for high and low velocity
meteors. In addition, more observations on very high velocity meteors
and on very low veloclity meteors are required to determine the dependence
of luminous intensity on velocity.



20 NACA TN 3962

5. Vehlcles traversing the upper atmosphere 1n free-molecule flow
conditions at meteor velocities will not suffer noticesble loss of mass
or strength by erosion. Further research 1s needed to determine whether
such erosion might create sufficient surface roughness so that the
vehicle would not efficiently reflect radiant energy and would experience
turbulent-flow heat transfer during its descent through the lower,

contlnuum atmosphere.

Ames Aeronautical Lgboratory
National Advisory Committee for Aeronautics
Moffett Field, Celif., Jan, 2, 1957
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APPENDIX A

MINIMUM AND MAXTMUM VEILOCITY OF METEORS

Consider first a meteor accelersted from infinity by the earth's
gravitational field ir the absence of any perturbing bodies. Then the
change in kinetic energy of the meteor equated to the change in potentisl
energy is

v2ove? [T gRE g &’ (a1)
2 v +RZ 1+ (3/R)

where g 1is the gravitational acceleration et y = 0 and R 1s the radius
of the earth. The stmosphere 1s exceedingly thin compared to the radius
of the earth, so the entrance velocliy of the meteor into the atmosphere
is given approximstely by neglecting y/R compared to unity in equa-
tion (A1l). All meteors at infinity which are initislly moving away from
the earth will never be collected and the minimim velocity meteor wilill

be that which falls through the gravitational! potentlal from an initial
velocity relative to the earth which is close to zero.

Now the meteor can be slowed down in its fall from Infinite altitude
by a collision with another body (collision includes, of course, a change
in orbit due to attractions by other bodies). However, it can be seen
from equation (A1) that the effect on the minimm veloecity will be negli-
gible unless the collision occurs within the range y/R less than sbout
20. The chance of a collision is small within this range and will be neg-
lected. Thus the minimum velocity with which meteors will enter the
atmosphere is normelly Jjust the escape velocity from the earth's surface.

(v1)yy, =~2eR = 37,000 £t/sec (a2)

If meteors should originate outside the solar universe it is expected
that they would have a statistical distribution of velocities from the
minimim velocity up, due to their orbiting collisions with other mass con-
centrations throughout space. If, however, the meteors origlnate within
the solar universe or from a near portion of this galaxy which is traveling
gbout the same speed as our solar system, then the maximum velocity meteor
would normally be one that is intercepted by earth as it falls into the
sun from rest at infinity and from a direction opposite to the earth's
velocity vector. The escape velocity from the sun at the earth's orbit
is 138,000 ft/sec end the earth's veloclity in this orbit is 100,000 ft/sec.
The fall through the earth's potential adds about 3,000 £t/sec to the
velocity, so meteors of solar origin could enter the atmosphere at veloci-
ties up to 240,000 ft/sec. Meteor velocities do, in fact, cut off at
about 73 km/sec (240,000 f£t/sec) (ref. 10).
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APPENDIX B
HEATING OF METEORS AND RADIATION LOSSES

Meteors which enter the atmosphere with a low velocity (from 36 000
to 56 000 ft/sec) are probably vaporized by thermal heating rather than
by sputtering. . In thils case some of the emergy flux received from the
atmosphere will be required to heat the meteor up to vaporization tempera-
ture. Neglecting radiation losses and assuming that initially all of the
incident energy flux is transformed into heat (see ref. 22) which diffuses
uniformly throughout the meteor, we can express the energy equation:

oxr2pv3

- +l3l'ntr3DV—=-—n’r3DCdT (B1)

vhere C 1is the heat capacity of the meteor material. The momentum
equatlon remains the same

}-l- dv 2 .2
3 7r3D 5 + PrZpv® = 0 (B2)

and with eguation (Bl) leads to

av aT

VE='2CEE_' (B3)
whence - -
v2 - va .
—J-?.-— = 2¢(T - T,) (B4)

For an exponentislly scaled astmosphere, equation (BE) becomes

”;5 & _ ppo exp(-Bs cos 6) (B5)

and, for the initial portion of the trajectory where the meteor is not
yet vaporizing, r is constant so that equation (B5) may be integrated to

vo_ 3Ppo

in = et O
Vi  4BrD cos 8

exp(-By) (86)



NACA TN 3962 23

Equations (BL) and (B6) lead to

<l Tl) exp( ZBrD cos 6 e'ﬁﬁ’) (B7)

v12

The exponential srgument is very small for the values of By being con-~
sidered, so that equation (BT7) is approximately equivalent to

Lo(T - T) _ 3PPo - BS
v, 2 28rD cos 8 e BY). (28)

and the altitude gt which a meteor of radius r will reach a temperature
T is given by

- 390q v, = ]
In rD 6 =1n B
BY + rD cos [813 IR (B9)

It is found thaet the size and velocity of the meteor predicted by the
analysis have suffered very little change from thelr initial values at
the altitude wvhere T reaches vaporization temperature, and therefore
only a small lag in time and gltitude should be needed for heating the
meteor. This can be seen from equation (13), where for large values of
u ‘the aspproximetion Ei(u) « u~® exp u is used

By + In rDcos 6 = - 1In —?E-—[l - exp(u - ul)_J (B10)
3Ppouy

It follows from equations (9), (B9), and (B1O) that the radius which is
predicted for an eroding meteor corresponding to the altitude where the
meteor should be heated to & temperature T, is

;. x _ote(T - T) (B11)
ry 3a

For @ and { near unity, C(T - T;) = 16x10% £t2/sec2, and q = 77X10°

ft2/ sec2, values which sre approprlate to the vaporization of irom, for

example, this change is less than 7 percent, It is expected, therefore,

that the correction to the snalysis needed to account for the heating lag

will be small.

When the meteor heats up 1t also suffers losses by rediation which
have been neglected, The rate of loss by radiation will be



2k NACA TN 3962

drR _ 4
T Lyr2eoT (B12)

where € 1s the emissivity of the meteor surface and o +the Stefan-
Boltzmann constant. The energy flux recelved from the atmosphere is

g8 _ ourZpv®
®- 3 _ (B13)

eand the ratio of radiation loss to incident energy filux is

dE  @pov3® exp(-BY)

dR 86(:)“]".‘1l (Bl)-l-)

For € and ¢ ebout unity end T &bout 51LOOO R, this ratio is very small
compared to unity at the altitudes where significant erosion occurs. Even
for the very lowest veloclty meteors, vy, = 37,000 ft/sec, this ratio is
less than 6 percent at altitudes of meteor activity. Therefore 1t is
concluded that the correction to the energy equation needed to account for
radigtion losses 1s glso small.
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TABLE TI.- OBSERVED AND CALCUTATED METEOR CHARACTERISTICS
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Obeerved data from reference 5 Calculated dsts
Meteor ’ u, a 4BD B
nunber 1}:1:1 31;?1 km/sec lml/s:acﬂ cos 0 | My | % fuaft )Jc-go'/'gm "[Mm + EJ:E(I‘DD)SGOB G:l
642 82.4% | 73.8 30.65 2.28 0.815 | 2.6 {1.00 |11.3 2.19 02,84
6o | 7.4 | 73.8 | 29.79 8,40 815 [ 26| .92 [11k | 2.03 23.02
651 | B4.3 | .1 36.56 1.09 .978 | 2.8 {2.25 | 15.6 4.83 20,20
660 | 58.9 | 48.1 | 13.26 oo 562 | 3,220,161 2.2 | 32,48 14,98
660 | 62,9 | 7.1 | 15.47 .57 682 | 3.5 |1.0k| 2.9 | 19.62 16.72
663 t114.7 {109,k | T79.69 .3k 123 | b0 |2.0T(T4.2 | 2.18 26,23
663 | 99.5 | 96.8 .13 .30 O | 3.7 ——- | --- ——— ———
670 | Th.4 | 710 | 23.88 2.07 165 | 4.8 [2.29( 7.1 7.78 20,47
689 91..8 | 83.4 61.19 10.4 LT3h | 4.6 .21 | kh.3 6.05 22,k7
6ho | 82.4 | 73.8 | 30.65 2.42 815 | 2.6 .94 |11k | 2.07 22,95
64 7.4 23.8 29.79 8.90 815 2.6 .87l11.5 1 1.93 23.18
697 | 80,5 | 68.% | 32.09 3.88 1 | 2.8 .28]12.9 | 1.58 2417
697 | 5.0 | 68.% | 33.9 10.0 ?61 2.8 .30 [15.3 | 1.99 23.4k
705 | 86.7 [ 55.9 | 30.65 .60 660 1381 .13110.81 3.20 p2.96
705 | 18.5 | 55.9 | 30.20 1.56 660 | 3.8 Jabk )Lk 3.54 22,63
T05 | 69.7 | 55.9 | 28.47 7.11 660 [ 3.8 .11|10.9 | 2,72 23.50
705 | 61.7 | 55.9 23.65 19.1 660 | 3.8] .18 110.0 4,01 22,23
TIO | 80.6 | 67.6 | 30.17 1.25 891 | 1.9 .68 [10.7 | R.81 20.16
e | Th.7 | 67.6 | 28.uh4 7. 891 |1.9) 4k |10.7 | 1.79 22,63
72 | 19.% | 63.5 | 20.20 1.1% 897 | 4.6 .68110.0 | %4.33 22,45
me | .2 | 63.5 | 28.10 k.5 8ot | 4.6 .82]10.0 5,13 21..90
2T | B2.T | Th.3 35.31 1.6 .891 | 1.6 |1.62 |1k.7 3.97 19.7Th
730 | 73.4 | 5B.1 35.96 2.4 968 | %.3] .38 115.3 | 6.73 20,72
733 | 93.5 | 81.7 | 38.32 .73 .8 | h.2]2.69 17.2 | 2.22 2h.39
736 | 8L.5 [ 70.5 | 36.05 1.52 880 { 1.7]1.06|15.3 | 4.39 19.53
7% | 81.5 | 70.5 | 36.05 1;{5 .880 | 1.7| .90 [15.5 | 3.T6 20,03
T8 T7.0 4,6 33.25 2,62 795 | 3.8 B4 {13.k 3.70 22.30
T8 T7.0 | 6k.6 33.25 2.06 795 | 3.81 .51 113.3 | k.ot 21.82

%(0.89 + 0.67)mean value of
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Figure 4.- Relation between the observed minimum magnitudes and veloci-
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function of initial wveloecity.
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Figure 6.- Calculated size as & function of altitude for a 0.01 foot
iron meteor entering the atmosphere at zero inclination.
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Figure 8.~ Calculated deceleration as a function of altitude for a 0.0l
foot redius iron meteor entering the atmosphere at zero inclination.
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Figure 9.~ Surface erosion on g vehicle, which has penetrated the atmos-
phere to an altitude of 360 »000 feet as a function of initisl
velocity, for various surface materiels.
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Figure 10.~ Erosion rate of a satellite as a function of altitude for
various surface materials.
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